SUMMARY
The color and patterning of animal eggs has important consequences for offspring survival. There are examples of between-species and polymorphic differences in egg coloration in birds and amphibians [1] [2] [3] , as well as cases of birds and insects whose nutritional status or age can cause within-individual variation in egg pigmentation [4] [5] [6] . However, no studies to date have demonstrated that individual animals can selectively control the color of their eggs. Here, we show that individual females of the predatory stink bug Podisus maculiventris can control the pigmentation of their eggs during oviposition, as a response to environmental conditions. The color of egg masses produced by individual females can range from pale yellow to dark black/brown. Females tend to lay darker eggs, which are more resistant to UV radiation, on the upper surface of leaves where UV exposure is highest in nature. Conversely, they lay lighter eggs on the undersides of leaves. However, egg color is not determined by the intensity of UV radiation falling on the surface where they are laid. Rather, female stink bugs appear to use a visual assessment of oviposition substrate reflectance to determine egg color. Unexpectedly, biochemical analyses revealed that the egg pigment is not melanin, the most ubiquitous light-absorbing pigment in animals. Our study offers the first example of an animal able to selectively control the color of its eggs.
RESULTS AND DISCUSSION

Description and Quantification of Egg Pigmentation
First, we undertook a descriptive evaluation of Podisus maculiventris egg pigmentation ( Figure S1 ). The eggs' chorion (shell) was always pale white immediately after laying, reaching its final pigmentation level within an hour. The dark pigment, when present, was contained in the outermost layer of the chorion, especially concentrated in chorionic spines (which were also present in eggs with little or no pigment). In most cases, pigmentation was homogeneous on individual eggs and within the same egg mass. In contrast to some other descriptions of stink bug eggs [7] [8] [9] , the variation in egg color described here is not due to the age of eggs, although egg contents do darken slightly in the later stages of embryonic development.
Next, we developed a pigmentation index (PI) to quantify variation in egg pigmentation. First, we took standardized photos (white balance corrected) of egg brightness under controlled lighting conditions. We then plotted the average brightness measurements of pooled groups of differently pigmented eggs against their spectral absorbance when solubilized in Soluene-350 [10] , subtracting out the absorbance of the unpigmented egg shell (Figure 1 ). This calibration curve corrected for the non-linearity of the photographic measurements with regards to light intensity [11] and allowed us to approximate the relative amount of pigment in eggs in subsequent experiments simply by taking photographs and converting the resulting brightness measurements to PI.
Demonstration of Within-Individual Conditional Plasticity in Egg Coloration
We then tested whether individual P. maculiventris are able to lay eggs of different pigmentation levels and whether females modify egg pigmentation in response to the color (reflectance) of the substrate on which they are laying. Individual females were monitored, over the course of their lives, in Petri dishes painted black, white, or half black/half white. Females were supplied with a mate, insect prey, and plant material. Eggs were collected from the dishes every 2-3 days to measure their PI. Individual females were able to lay eggs spanning the full range of pigmentation levels; the average difference in PI between the lightest and darkest egg laid was 15.97 ± 1.93 (mean ± 95% confidence interval [CI]), and 20 out of 35 individuals laid both heavily pigmented (PI > 15) and lightly pigmented (PI < 5) eggs during their lives. Eggs tended to be more pigmented in black petri dishes than white dishes and more pigmented when laid on the bottom of dishes than when laid on the side of the dish or the underside of the lid (Figure 2 ). In half black/half white dishes, there was a tendency toward less pigmented eggs on the white half of the dish, although it was not significant when controlling for the more important effect of laying position (Figure 2 ). These results provided evidence of context-dependent plasticity in egg pigmentation in P. maculiventris, supported the hypothesis that substrate reflectance plays a role in determining egg pigmentation, and revealed the previously unexpected importance of laying position.
Egg Pigmentation Is Correlated with Plant Structure and Luminosity Levels
We reasoned that the response of egg pigmentation to laying location in the previous experiment could be the expression of an evolved response to plant structure, which can modulate exposure to biotic and abiotic mortality factors [12] [13] [14] [15] . Furthermore, although black and white oviposition substrates are not present in nature, the direction and intensity of light could change the apparent reflectance of plant leaf surfaces and elicit differences in egg pigmentation. For example, sunlight passing through leaves from above illuminates their lower surfaces and increases their reflectance levels relative to leaf tops. Thus, one would expect lighter eggs to be laid on leaf undersides if egg pigmentation level is positively correlated with substrate reflectance. Furthermore, reduced lighting levels could cause the reflectance of all leaf surfaces to be lower overall, increasing egg pigmentation levels. To test these predictions, we placed groups of female P. maculiventris in cages containing soybean (Glycine max) plants and measured the PI of egg masses laid on leaf tops and undersides. Cages were either exposed to full ambient lighting conditions or shaded to reduce luminosity levels more than 50-fold. We found that P. maculiventris laid eggs that were on average 2.1 times more pigmented on the upper surface of leaves compared to those laid on leaf undersides ( Figure 3 ). Bugs laid slightly more pigmented eggs (+17%) in the shaded cages, but the large difference between the pigmentation of eggs on leaf tops versus leaf undersides was maintained ( Figure 3) . Overall, 47.3% of eggs were laid on leaf tops in the fully lit cages, compared to 44% in the shaded cages; these proportions did not differ significantly between treatments (Fisher's exact test; p = 0.84). We reasoned that the strong correspondence between laying position on leaves and egg pigmentation could be the key to understanding the adaptive significance of P. maculiventris egg coloration.
Egg Pigmentation Protects Developing Embryos against Ultraviolet Radiation
The peculiar tendency of some predatory stink bugs, including P. maculiventris, to lay many of their egg masses on the upper surface of leaves has been previously noted [16] . In contrast, most plant-dwelling arthropods, including many species of stink bugs, tend to lay their eggs on the undersides of plant leaves [17] [18] [19] [20] . Laying eggs on the undersides of leaves is generally considered to provide a sheltered microclimate for developing embryos, offering protection against wind, rain, overheating, and desiccation. Perhaps most significantly, leaves block the passage of UV radiation [13] , which could otherwise cause embryonic mortality by damaging cellular machinery and causing DNA replication errors [21, 22] . In other animals, including humans, pigments such as melanin can act as sunscreen by absorbing UV radiation [22, 23] . Thus, applying pigment to eggs laid on the tops of leaves could protect developing embryos from exposure to UV radiation. To test this hypothesis, we exposed egg masses of different pigmentation levels to four different doses of UV radiation during the 16-hr light period for each day of their development. The different doses were administered by varying the distance of egg masses from a UVA/B lamp, and for the lowest-intensity treatment, attenuating UV wavelengths (<390 nm) using a filter. The probability of P. maculiventris embryonic survival decreased as the dose rate of UVA/B radiation administered to eggs increased ( Figure 4) . Furthermore, embryos were much more likely to survive at a given dose rate of UVA/B radiation when eggs were more pigmented ( Figure 4 ). To our knowledge, this is the first convincing evidence of a pigment protecting insect eggs from UV radiation damage.
Determination of Egg Pigmentation by Females during Oviposition
We next asked how egg pigmentation is controlled, and what cues could be involved. Eggs themselves could accumulate pigment in response to ambient levels of UV radiation, as has been observed in various life stages of other animals [23, 24] . Alternatively, female stink bugs may be able to detect the intensity of incident UV radiation (or visual wavelengths of light correlated with the presence of UV) and use this information to adjust the application of pigment to eggs. Another possibility is that P. maculiventris utilizes indirect gravitational or visual information to adjust pigment application to eggs. We attempted to distinguish between these hypotheses by conducting an experiment where individual stink bugs, contained in petri dishes, laid inside on the underside of white fabric illuminated from above, where we knew that they would tend to lay lightly pigmented eggs. To test whether egg pigmentation is influenced by the presence of UV light falling on the oviposition surface, we applied UVA/B radiation, filtered UVA/B radiation (wavelengths below 390 nm attenuated), or no light from below. In a fourth treatment, petri dishes were kept in complete darkness inside a closed box. Female P. maculiventris laid lightly pigmented eggs regardless of the type of radiation falling on the oviposition substrate (Figure S3) . Furthermore, in the complete absence of any light, females tended to lay dark eggs on the underside of the white surface ( Figure S3 ). These results demonstrated that egg pigmentation (1) is not determined by the intensity of ultraviolet or visual light falling on the oviposition substrate, (2) is not due to pigment accumulation by the egg in response to UV radiation, and (3) is not determined by gravity. Rather, they support the idea that females evaluate visual characteristics of the substrate to determine egg pigmentation. Integrating the results of the previous experiment conducted on soybean plants (Figure 2 ), slightly more pigmented eggs may be laid in shaded environments because leaf surfaces appear overall darker, although extreme differences in luminosity were needed to produce such an effect. The fact that leaf position was a much more important determinant of egg pigmentation than luminosity suggests that ovipositing females may partially overcome this constraint by using a relative, rather than absolute, visual assessment of the substrate. The mechanism for this assessment could be an evaluation of the ratio of incident light (hitting the oviposition substrate) to reflected light (coming from the oviposition substrate). This ratio would be lower on the undersides of leaves, whose surface reflectance is increased by light passing through them from above. This proposed mechanism is similar to that suggested for crabs, prawns, and flatfish that dynamically modify their own pigmentation to match background brightness [25] . Given that temporal patterns of luminosity and UV radiation vary widely in nature (due to cloud cover, time of day, etc.), this kind of indirect, relative visual assessment could actually be a more reliable indicator of eggs' future cumulative UV exposure than direct measurement of light levels at the time of oviposition. The visual assessment of oviposition surfaces by P. maculiventris deserves further investigation, as it could reflect a general mechanism by which insects, including those that do not pigment their eggs, select oviposition sites.
The Egg Pigment Is Not Melanin
Most dark pigmentation in insects is attributable to melanin, a pigment composed of monomer units connected by strong carbon-carbon bonds, conferring a strong capacity to absorb UV radiation [21, 26] . Expecting to confirm our suspicion that the P. maculiventris egg pigment is melanin, we conducted standard biochemical analyses to detect markers of the two known groups of animal melanins: eumelanins and pheomelanins [10, [27] [28] [29] . Surprisingly, the amount of pigment in eggs (i.e., their The probability of P. maculiventris nymphs successfully developing and emerging when developing in eggs of different pigmentation levels and exposed to four different constant intensities of UV radiation emanating from a UVA/B lamp (300-390 nm; applied during 16-hr light period of each day during development). F indicates that a UV-filtering lens was placed over the eggs to achieve the given intensity. Points show the successes and failures of individual eggs (displaced vertically for clarity). Lines show predictions from a logistic regression model fitted to the data; both UV treatment (c 2 = 129.07, p < 0.0001) and PI (c 2 = 46.61, p < 0.0001) were significant predictors of emergence probability. Different letters indicate significant differences between UV treatments (Tukey contrasts; p < 0.05). Total n = 460 eggs. For the response of ovipositing females to UV radiation, see Figure S3 . spectral absorbance) was not correlated with the concentration of markers for either type of melanin, and the concentration of markers in the samples analyzed was extremely low overall (Figure S2) . However, the spectral absorbance of heavily pigmented eggs was similar to that of sepia melanin ( Figure S2) . Thus, the egg pigment is not melanin but appears to have a similar biological activity. Future work will focus on identifying the chemical composition and structure of this potentially novel pigment.
The Evolution of Selective Egg Pigmentation For oviparous animals, being able to selectively apply pigment to eggs would presumably widen the range of potential environments available for oviposition, while minimizing the costs of pigment production. Our study raises the question of why the egg color of most animals is fixed, and, by extension, what set of conditions would be needed to favor the evolution of selective egg pigmentation. First, a physiological mechanism would have to evolve by which mothers can selectively apply pigment to eggs; this mechanism is as yet unknown for P. maculiventris (or any other organism). Additionally, for selective egg pigmentation to be evolutionarily stable, at least two conditions would have to be met: (1) the ability to deposit eggs in locations where pigmentation is needed, resulting in a net increase in offspring survival, and (2) laying non-pigmented eggs in locations where pigment is unneeded being advantageous in some situations. For P. maculiventris, the first condition could be met if predation pressure is higher on the undersides of leaves, as has been observed in other plant-dwelling arthropod systems [12, 15] . The upper surface of leaves would then represent ''enemy free space'' [30, 31] , and applying the pigment when eggs are laid there would minimize the cost of the resulting tradeoff in terms of higher UV radiation exposure. The second condition could be met if there is a significant physiological cost of pigment production, as demonstrated in many other systems [24, 32, 33] . Laying eggs on the underside of leaves without having to pay the cost for applying pigment-while accepting the risk that eggs could be killed by predators-could be adaptive in some situations, especially if predators are uncommon or females are nutritionally stressed and have less resources to allocate to pigment production. Even if females are unable to adjust their oviposition behavior to match predation pressure in the environment, spreading lifetime egg production over leaf tops and leaf undersides, minimizing the relevant costs in each case, could be a ''bet hedging'' strategy [34] that ensures that at least some offspring survive in the face of environmental unpredictability.
The possibility remains that the P. maculiventris egg pigment could provide additional, secondary benefits not explored in the current study. For example, plasticity in egg pigmentation could camouflage eggs, if the matching of egg pigmentation with substrate reflectance decreases the contrast between eggs and leaf surfaces with respect to the visual systems of predators and parasitoids. Indeed, some egg parasitoids of stink bugs have visual biases toward certain colors [35] , although the extent to which these visual biases are important for short-range host localization is unknown. Additionally, dark egg pigmentation could potentially allow eggs to collect more radiative heat and develop more rapidly [36] , though we suspect that temperature differences between leaf tops and undersides may not be enough to select for this adaptation. The possibility that egg pigmentation could have one or more secondary functions for P. maculiventris is currently under evaluation (unpublished data).
Conclusions
Although seldom studied to date, the pigmentation of insect eggs could have a wide variety of ecological roles and may explain much of the variation in oviposition site selection and habitat use by insects in natural settings. Even though P. maculiventris is the first animal found to have selective control of egg pigmentation, we suspect that it is far from the only species with this adaptation. Indeed, the example described here occurs in an extremely well-studied and economically important insect species that is reared in laboratories around the world and was thus hiding in plain sight. A diverse array of similar adaptations and a multitude of evolutionary variations on this theme could be waiting to be discovered. 
